Mechanism of faster NO scavenging by older stored red blood cells  by Liu, Chen et al.
Research Paper
Mechanism of faster NO scavenging by older stored red blood cells$
Chen Liu a, Xiaohua Liu a, John Janes a, Ryan Stapley b, Rakesh P. Patel b,
Mark T. Gladwin c,d, Daniel B. Kim-Shapiro a,n
a Department of Physics, Wake Forest University, Winston-Salem, NC 27109, USA
b Department of Pathology and Center for Free Radical Biology, University of Alabama at Birmingham, Birmingham, AL 35294, USA
c Heart, Lung, Blood, and Vascular Medicine Institute, University of Pittsburgh, Pittsburgh, PA 15213, USA
d Department of Medicine, Division of Pulmonary, Allergy and Critical Care Medicine, University of Pittsburgh School of Medicine, Pittsburgh, PA 15213, USA
a r t i c l e i n f o
Article history:
Received 17 December 2013
Accepted 18 December 2013
Available online 10 January 2014
Keywords:
Nitric oxide
Erythrocyte
Blood
Kinetics
Electron paramagnetic resonance (EPR)
Blood storage lesion
a b s t r a c t
The blood storage lesion involves morphological and biochemical changes of red blood cells (RBCs) that
occur during storage. These include conversion of the biconcave disc morphology to a spherical one,
decreased mean corpuscular hemoglobin concentration, varied mean corpuscular volume, reduced
integrity of the erythrocyte membrane with formation of microparticles, and increased cell-free
hemoglobin. We studied the extent that older stored red blood cells scavenge nitric oxide (NO) faster
than fresher stored red blood cells. Using electron paramagnetic resonance spectroscopy and stopped-
ﬂow absorption spectroscopy to measure the rate of NO uptake and reaction with hemoglobin in red
cells, we found that older stored red blood cells scavenge NO about 1.8 times faster than fresher ones.
Based on these experimental data, we simulated NO scavenging by fresher or older stored red blood cells
with a biconcave or spherical geometry, respectively, in order to explore the mechanism of NO
scavenging related to changes that occur during blood storage. We found that red blood cells with a
spherical geometry scavenges NO about 2 times slower than ones with a biconcave geometry, and
a smaller RBC hemoglobin concentration or volume increases NO scavenging by red blood cells. Our
simulations demonstrate that even the most extreme possible changes in mean corpuscular hemoglobin
concentration and mean corpuscular volume that favor increased NO scavenging are insufﬁcient to
account for what is observed experimentally. Therefore, RBC membrane permeability must increase
during storage and we ﬁnd that the permeability is likely to increase between 5 and 70 fold. Simulations
using a two-dimensional blood vessel show that even a 5-fold increase in membrane permeability to NO
can reduce NO bioavailability at the smooth muscle.
Background: Transfusion of older stored blood may be harmful.
Results: Older stored red blood cells scavenge nitric oxide more than fresher cells.
Conclusion: As stored red blood cells age, structural and biochemical changes occur that lead to faster
scavenging.
Signiﬁcance: Increased nitric oxide scavenging by red blood cells as a function of storage age contributes
to deleterious effects upon transfusion.
& 2014 The Authors. Published by Elsevier B.V. All rights reserved.
Introduction
Blood transfusion is one of the most common medical thera-
pies, with about 14 million units of red blood cells (RBCs) having
been transfused in the United States in 2011 [1]. The average age of
red blood cells at transfusion is approximately 18 days. According
to the blood banking standard, RBCs preserved in ADOSL can be
stored up to 42 days. However, a growing body of literature has
demonstrated an association between an increased incidence of
adverse clinical outcomes of blood transfusion and the storage of
RBCs [2–7]. The adverse effect of blood transfusion is also
suggested to be related to the number of units transfused [8,9].
A number of chemical and morphological changes in RBCs
occur during blood storage including a reduction in levels of 2,
3-diphosphoglycerate, ATP, and pH values, as well as an increase of
potassium and lactate [10]. These changes result in a reduced
deformability, increased osmotic fragility, spheroechinocyte for-
mation, reduced integrity of the erythrocyte membrane with
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formation of microparticles, and increased cell-free hemoglobin
(Hb) in plasma [11–17]. Numerous studies have found that the
geometry of the red blood cell tends to become more spherical
during storage thereby having a smaller surface area to volume
ratio [10,18–20]. The mean corpuscular hemoglobin concentration
decreases, and the structure of RBC membrane changes signiﬁ-
cantly during storage [21,22]. In addition, RBC volume varies
during blood storage but the type of change depends on which
additive preservation solutions is used [23,24]. Changes in RBCs
during storage are referred as blood storage lesion. Precise
mechanisms that explain how the blood storage lesion is asso-
ciated with adverse effects of blood transfusion remain unclear.
Nitric oxide functions as the endothelial derived relaxing factor,
decreases platelet activation and vascular cell adhesion, inﬂuences
oxidative and nitrosative stress, functions in host defense, and
inﬂuences a large number of cellular functions through protein
modiﬁcation [25–29]. We hypothesize that the blood storage lesion
is associated with a loss of NO signaling. It has been well established
that oxygenated cell-free Hb reacts with NO at a high rate of
6–8107 M1 s1 to form nitrate and methemoglobin [30–32].
Microparticles are small phospholipid vesicles that contain hemoglo-
bin and they react with NO only about 3 times slower than cell-free
Hb, but still 1000 times faster than RBCs [33–35]. Several mechan-
isms are responsible for the reduced rate of NO scavenging by
hemoglobin encapsulated in RBCs. NO diffusion to the RBC is limited
by an unstirred layer around the RBC which is due to the fast
scavenging of NO close to RBCs [36–39]. A RBC cell-free zone is
created when RBCs are pushed to the center of vessel during ﬂow
and it separates RBCs from endothelial cells where NO is produced
[40,41]. Another mechanism that accounts for slower NO scavenging
by RBCs is that the RBC membrane has a ﬁnite permeability to NO,
like a physical barrier which slows down the diffusion [38,42]. These
diffusion barriers are regulated by RBC size, shape, and surface area;
biophysical properties that are changed during RBC storage [22].
Since hemoglobin and red cell microparticles scavenge NO close to
1000 times faster than red cell encapsulated hemoglobin, red cell
breakdown in storage or post transfusion substantially reduces NO
bioavailabiliy [34,35]. In addition, recent studies show that the effects
of storage will lead to an increased intrinsic NO scavenging by older
stored RBCs, as measured by nitric oxide competition experiments
and inhibition of aortic vasodilation [20,43,44]. However, the extent
of the increase in NO scavenging by older red blood cells compared
to fresh ones was not fully explored and the mechanism for this
phenomenon was not satisfactorily provided.
In this study, we further examine the rate of NO scavenging by
both fresh and old stored RBCs using time-resolved stopped-ﬂow
absorption spectroscopy and electron paramagnetic resonance
spectroscopy. Computational simulations are also conducted to
explore the effects of morphological changes, mean corpuscular
hemoglobin concentration (MCHC), mean corpuscular volume
(MCV), and permeability to NO on the rate of NO scavenging using
3D single RBC models. We use results of these simulations to
account for the observed increase in NO scavenging by RBCs as a
function of storage age.
Experimental procedures
Old and fresh, leukodepleted packed red blood cells were collected
from packed red blood cell segments stored in the University of
Alabama at Birmingham blood bank in AS-1 storage solution. The
average storage length of old and fresh red blood cells in this study
were 8.571.4 days and 37.572.9 days. Red blood cells were washed
in phosphate buffered saline (PBS) at least three times or until the
supernatants were clear. The hemoglobin concentration of the red
blood cell solution (in heme) was determined by absorption
spectroscopy using a Cary 100 spectrometer equipped with an
integrating sphere detector. Spectra of cell-free hemoglobin were
taken on a Cary 50 Bio spectrometer (Varian Inc.). Cell-free hemoglo-
bin was prepared as described previously [45]. All experiments were
performed in PBS buffer and all chemicals were purchased from Sigma
unless otherwise stated.
Competition experiments
Experiments were performed similarly to those described
previously [38,46]. Brieﬂy, oxygenated cell-free Hb and Hb encap-
sulated in RBCs compete to react with NO to form methemoglobin
(MetHb). The relative rates of NO uptake by RBCs compared to
cell-free Hb can be determined by examining the concentrations of
MetHb produced from each fraction using electron paramagnetic
resonance (EPR) spectroscopy. In the experiments, cell-free Hb
(100 mM in heme) was mixed with either old or fresh stored red
blood cell solutions (50% hematocrit). The mixtures were stirred
with a magnetic bar at a slow speed to keep the sample homo-
geneous throughout the experiment. The NO donor DEANONOate
was prepared in a deoxygenated 0.01 M NAOH solution and added
to the mixture to a ﬁnal concentration of 20 mM. The ﬁrst EPR tube
was ﬁlled with the mixture at 45 min and the rest of the mixture
was centrifuged at 3000g for 2 min. The supernatant was put in
another EPR tube and the third EPR tube was ﬁlled with the RBC
pellet. Control experiments were performed as described pre-
viously to account for any autoxidation or MetHb reductase
activity [46]. All the EPR tubes prepared in the experiment were
frozen simultaneously at 1 h. The amounts of MetHb were measured
by electron paramagnetic resonance using a Bruker EMX 10/12
spectrometer as described previously [45]. Hemolysis during the
experiment was checked by examining the hemoglobin concentra-
tions in the supernatant prior to the addition of NO donor and after
the centrifugation.
The ratio of the bimolecular rate constant of NO reacting with
cell-free Hb (kf) to the bimolecular rate constant of NO uptake by
RBC-encapsulated Hb (kr) was determined by the relative amount
of MetHb formed in each fraction as shown in the equation:
½MetHbf
½MetHbr
¼ Kf ½Hbf
Kr½Hbr
ð1Þ
where the subscripts “f ” and “r ” stand for cell-free Hb and RBCs
encapsulated Hb respectively. The concentrations indicated by
brackets are the moles of the species over the total volume.
Natural log terms on both sides of the equation were also
calculated as previously described [47] in order to account for
the fact that the total amount of oxygenated hemoglobin in the
free and RBC fractions may decrease with time from its initial
amount. The ratio kf /kr calculated using Eq. (1) had less than 2%
difference from the result calculated with natural log terms. Three
methods were used to calculate kf /kr using two MetHb concentra-
tions of those in the mixture, supernatant, and RBC pellet in order
to avoid errors as described previously [45].
Stopped-ﬂow analysis
Stopped-ﬂow time-resolved absorption experiments of the
reaction between NO and RBCs were conducted using a Molecular
Kinetics three-syringe mixer (Indianapolis, IN) coupled to an Olis
RSM spectrometer (Bogart, GA) as described previously [47].
The NO donor PROLINONOate (10 mM, Cayman Chemicals) was
prepared in 0.01 M NAOH and loaded in the ﬁrst syringe. Either old
or fresh stored red blood cells (100 mM in heme) were ﬁlled in the
second syringe and the third syringe was loaded with deoxyge-
nated PBS. Mixing was accomplished as follows: the NO donor was
diluted to 500 mM by PBS and aged for 20 s in the ﬁrst mixer so
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that the NO would be released. NO-containing buffer was then
rapidly pushed into the second mixer and mixed with either old or
fresh stored red blood cells. Experiments were conducted under
aerobic conditions so that NO reacted with oxygenated Hb to make
MetHb. As NO can also further react with MetHb to produce
MetHb–NO, we only performed experiments with NO present at
two-fold molar excess to oxygenated Hb. Time-resolved absorp-
tion spectra were collected and analyzed by Specﬁt software
(Boston, MA) through singular value decomposition and global
analysis as described previously [48].
Computational simulations
Three dimensional models were constructed to simulate com-
petition and stopped-ﬂow experiments performed in this study
using COMSOL Multiphysics (Comsol Inc., Burlington, MA, version
4.3). We have assumed that RBCs are distributed homogenously
within the reaction region. A single red blood cell was simulated as
a 3D biconcave geometry contained in the reaction region of a
cylindrical boundary for the reactions between fresh stored red
blood cells and NO (Fig. 1A). A spherical geometry within another
sphere was adopted to simulate the reactions between old stored
red blood cells and NO (Fig. 1B). The comparison between NO
scavenging by old and fresh stored red blood cells was conducted
using those full 3D models.
In addition, to examine the effect of RBC MCHC, MCV, and
membrane permeability on NO scavenging by old red blood cells,
we performed simulations where each of these parameters was
varied while maintaining the other parameters constant. In order
to save time and sufﬁciently resolve both the reaction region and
the RBC with enough ﬁnite elements we exploited the spherical
symmetry of the old red blood cell model. The reaction was
simulated solely over a 2020 degree square cone cut out of
the two sphere system, as previously described (Fig. 1C) [33]. This
reduced the number of degrees of freedom and allowed a
sufﬁcient number of ﬁnite elements. All simulations were per-
formed using a user deﬁned ﬁner mesh with twice the reﬁnement
in the intracellular domain unless otherwise stated (Fig. 1D).
Simulated competition experiments
Those competition experiments were simulated similarly to
that described previously [49]. Brieﬂy, NO is released by an
NO donor and reacts with cell-free hemoglobin in the external
space. In the extracellular space, the overall reaction rate for NO is
given by
R¼ 2kdonor½NO donorkHb½NO½Hb ð2Þ
where R is the reaction rate, kdonor is the rate constant that NO is
released by the donor, and kHb is the bimolecular rate constant of
NO scavenging by oxygenated Hb. Concentrations are indicated by
brackets.
In the intracellular compartment, NO diffused from extracel-
lular space is scavenged by oxygenated Hb encapsulated by
Fig. 1. Three-dimensional models. (A) A full 3D model with a biconcave geometry contained in a cylindrical boundary for the reactions between fresh stored red blood cells
and NO. (B) A full 3D model with a spherical geometry within another sphere for the reactions between old stored red blood cells and NO. (C) The 2020 degree square cone
as the solution region. (D) A ﬁnite element mesh of the cone solution region with a user deﬁned ﬁner mesh and twice the reﬁnement in the intracellular domain (red).
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the RBC:
R¼ kHb½NO½Hb ð3Þ
The boundary condition at the RBC membrane is deﬁned as:
n  ðD∇CÞ ¼ PmðCoCiÞ ð4Þ
where n is the unit normal vector, D is NO diffusion rate, C is its
concentration, Pm is NO permeability of RBC membrane, Co is NO
concentration at the outer surface of the RBC, and Ci is the
concentration in the RBC.
The models for competition experiments simulated the ﬁrst
5 ms of the real experimental reaction. Parameters used in
simulations are listed in Table 1. At 5 ms, the average concentra-
tions of MetHb for both cell and plasma fractions were plugged
into Eq. (1) to calculate the relative rate kf /kr.
Simulated stopped-ﬂow experiments
Stopped-ﬂow experiments were simulated similarly to the
simulations for competition experiments as well as to those
described previously [33]. The bimolecular reaction rate constant
k was calculated at 5 ms after mixing using the formula,
ln
½HbðtÞ
½Hbð0Þ
 
¼ k½NOð0Þt ð5Þ
where [Hb](t) and [Hb](0) are averaged hemoglobin concentra-
tions at time t and in the beginning of the reaction. A constant
concentration of NO was assumed in order to use pseudo ﬁrst-
order kinetics. Parameters used in simulations are summarized in
Table 2.
Examined effects of RBC MCHC, MCV, and permeability
In order to further explore the effects of RBC MCHC, MCV and
permeability on NO scavenging by older stored RBCs, a 2020
degree square cone model was used and parameters were varied
as described in Table 3. Other studies have shown that RBC MCHC
and MCV change during blood storage and the type and extent of
the changes depend on the additive preservation solution that is
used to store the RBCs [21,23,24]. Therefore, in our simulations,
RBC MCHC was varied from 14 to 22 mM and the volume of RBC
was decreased from 90 to 60 mm3. These values overlap normal
clinical reference ranges for RBC MCHC (19–22 mM) and MCV (80–
99 mm3). In addition, it has been shown that signiﬁcant changes in
the RBC membrane occur during blood storage and storage leads
to cytoskeletal damage [21,50,51]. Disruption of cytoskeleton
results in increased NO scavenging associated with increased NO
permeability [52]. Thus, the simulations were conducted examin-
ing effects on changes in NO membrane permeability starting with
a base RBC membrane permeability (Pm¼5000 mm s1) and vary-
ing it by up to 100 fold (Pm1–100) as shown in Table 3.
Two-dimensional computational simulation
A two-dimensional model was used to examine the effect of an
increased RBC membrane permeability to NO on nitric oxide
availability within a blood vessel (Fig. 2). The computational model
has been described previously [35,53]. Brieﬂy, the model includes
the intracellular space of the RBCs with 45% hematocrit, the vessel
lumen surrounding the RBCs, a cell-free zone within the lumen, an
endothelial layer around the vessel wall, and the surrounding
smooth muscle. It can simulate the production, diffusion, and
consumption of NO within these areas. Steady state NO concen-
trations were computed as a function of position and the averaged
NO concentrations at each ﬁxed radius were plotted as a function
of the distance to the vessel center. The parameters used are listed
in Table 4.
Table 1
Competition simulation parameters.
Parameter Value Units
RBC volume 90 mm3
Hematocrit 50 %
Initial [RBC Hb] 20 mM
Initial [NO donor] 20 mM
Initial [cell-free Hb] 100 mM
kHb 8.9107 M1 s1
kdonor 1 s1
Extracellular NO diffusion coefﬁcient 3300 mm2 s1
Intracellular NO diffusion coefﬁcient 880 mm2 s1
Extracellular Hb diffusion coefﬁcient 1 mm2 s1
Intracellular Hb diffusion coefﬁcient 0.27 mm2 s1
RBC membrane permeability to NO 5000 mm s1
Table 2
Stopped-ﬂow simulation parameters.
Parameter Value Units
RBC volume 90 mm3
Hematocrit 0.5 %
Initial [RBC Hb] 20 mM
Initial [NO] 100 mM
kHb 8.9107 M1 s1
Extracellular NO diffusion coefﬁcient 3300 mm2 s1
Intracellular NO diffusion coefﬁcient 880 mm2 s1
Intracellular Hb diffusion coefﬁcient 0.27 mm2 s1
RBC membrane permeability to NO 5000 mm s1
Table 3
Parameters varied in simulations.
Parameter Value Units
RBC MCHC 14, 16, 18, 20, 22 mM
RBC MCV 90, 80, 70, 60 mm3
Tested range of permeability Pm(1–100)
Fig. 2. Illustration of the two-dimensional model of the vessel. RBCs are in the
lumen of the blood vessel, which includes a cell-free zone. The smooth muscle is
the outermost layer around the blood vessel. NO is produced in the endothelium
and diffused into either the smooth muscle area or the lumen of the blood vessel.
NO is consumed in different compartments as deﬁned previously [53].
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Statistical analysis
Analysis was performed with Microsoft Ofﬁce Excel 2010 (Red-
land, OR). A student0s t-test with two tails and equal variance was
used to test for statistical signiﬁcance. Results were considered
signiﬁcant when Po0.05. All values are presented as mean7SD.
Results
Competition experiments conﬁrm old stored red blood cells scavenge
NO faster
We conducted competition experiments to conﬁrm the faster
NO scavenging by old stored red cells using electron paramagnetic
resonance spectroscopy. Fig. 3A shows representative EPR spectra
taken of the mixture (MXT), the supernatant (SPT), and RBC pellet
(RBC) after 1 h of incubating old or fresh stored red blood cells with
DEANONOate. The EPR spectra are subtracted by the baseline
spectra from control experiments and corrected to the total volume
of the mixture so that the sum of MetHb in the RBC pellet and in the
supernatant is equal to the total MetHb in the mixture. MetHb
concentrations in the mixture are same for experiments using old
(17.572.1 mM) and fresh (17.472.2 mM) RBCs. The averaged MetHb
concentration of the supernatant is larger when fresh RBCs were
used (9.671.4 mM) than the concentration of the supernatant when
old RBCs were used (7.671.7 mM). In contrast, the average MetHb
concentration of the fresh RBC pellet (7.672.0 mM) is smaller than
that of the old RBC pellet (10.772.9 mM). Given that released cell-
free Hb will scavenge NO at the same rate (whether it come from
fresh or old RBCs), these data show that older RBCs scavenge NO
faster than freshly stored ones.
Fig. 3B shows that the average ratios of kf /kr for old and fresh
red blood cells from multiple experiments are 76713 and
131735 respectively, similar in general magnitude to our previous
measurements [39]. Thus, we were able to calculate the ratio of
the bimolecular rate constant of NO uptake by old stored red blood
cells (kold) to that of NO uptake by fresh stored red blood cells
(kfresh) as about 1.7, which suggests that older stored red blood cell
scavenges NO about 1.7 times faster than fresher ones.
Old stored red blood cells scavenge NO faster in stopped-ﬂow
experiments
To further compare the reaction rate of NO scavenging by old
and fresh stored red blood cells, we performed stopped-ﬂow
experiments with NO and either old or fresh stored red blood cells.
The experiments were conducted with a NO:Hb ratio of 2 under
aerobic conditions. Fig. 4A shows representative kinetics of the
absorption at 574 nm for both old (40 days) and fresh (7 days)
stored red blood cells. It is apparent that old stored red blood cells
scavenge NO faster than fresh ones. Fig. 4B shows that the
bimolecular rate constants of NO reacting with old and fresh stored
red blood cells calculated from stopped-ﬂow experiments are
(6.870.6)104 M1 s1 and (3.870.1)104 M1 s1 (n¼4),
which is consistent with our previous measurements [39]. There-
fore, old stored red blood cells scavenge NO about 1.8 times faster
than fresh ones in stopped-ﬂow experiments.
Biconcave geometry is favored in NO scavenging
Competition and stopped-ﬂow experiments were simulated
when the RBC was represented by a biconcave geometry or a
spherical geometry to explore the effect of the surface to volume
ratio on NO scavenging. With the same volume, a biconcave
geometry (predominating in fresh red cells) has a larger surface
area than a spherical geometry (predominating in old red cells). As
expected, results show that the RBC with a biconcave geometry
scavenges more NO than the RBC with a spherical geometry for
both competition (Fig. 5A) and stopped-ﬂow experiments (Fig. 5B).
In the simulations of competition experiments, the ratios kf /kr for
old and fresh RBCs are 181 and 83 respectively. Thus, the simula-
tions show that the biconcave geometry scavenges NO about
2.2 times faster than the spherical geometry. From simulations of
stopped-ﬂow experiments, we found that the biconcave geometry
Table 4
Parameters in the 2D simulations.
Parameter Value Units
Initial [RBC Hb] 20 mM
Total NO production rate 42.4 mM s1
NO reaction rate constant in smooth muscle 0.05 mM1 s1
kHb 8.9107 M1 s1
Hematocrit 45 %
Extracellular NO diffusion coefﬁcient 3300 mm2 s1
Intracellular NO diffusion coefﬁcient 880 mm2 s1
RBC membrane permeability to NO Pm(1,5,70)
Blood vessel radius 50 mm
Cell-free zone thickness 2.5 mm
Endothelium thickness 2.5 mm
Radius of RBC 3.39 mm
RBC membrane thickness 0.0078 mm
Fig. 3. Competition measurements determining relative rates of NO reacting with
old (blue) vs. fresh red cells (red). (A) EPR spectra taken of the mixture (MXT, solid),
the supernatant (SPT, dashed), and RBC pellet (RBC, dotted) for old and fresh stored
red blood cells. (B) The ratios of the bimolecular rate constant of NO reacting with
cell-free Hb to the bimolecular rate constant of NO uptake by old and fresh stored
RBC-encapsulated Hb are 76713 and 131735 respectively (n¼6). The ratio of the
bimolecular rate constant of NO uptake by old stored red blood cells (kold) to that of
NO uptake by fresh stored red blood cells (kfresh) is about 1.7. nPo0.005.
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scavenges NO 1.4 times faster than the spherical geometry. These
simulations show that the morphological changes that occur
during RBC storage result in slower NO scavenging, contrary to
what is observed experimentally. Thus other factors such as RBC
MCHC, MCV, or NO permeability must play substantial roles in
governing NO scavenging by stored RBCs.
Effects of RBC MCHC and MCV on NO scavenging
Other factors that account for an increased NO scavenging by older
stored RBCs were examined by varying MCHC and MCV of the RBC
using a 2020 degree square cone model as shown in Table 3. For
simulations of competition experiments, the ratio kf /kr is increased
from 96 to 146 when RBC MCHC is increased from 14 to 22 mM
(Fig. 6A). The ratio kf /kr is increased from 120 to 133 when MCV
changes from 60 to 90 mm3 (Fig. 6B). In simulations of stopped-ﬂow
experiments, the bimolecular rate constant of NO scavenging by the
RBC is decreased from 1.8 to 1.0105 M1 s1 and from 1.4 to
1.2105 M1 s1 when MCHC is increased from 14 to 22 mM
(Fig. 6C) and MCV is increased from 60 to 90 mm3 respectively
(Fig. 6D). Simulations of both competition experiments and stopped-
ﬂow experiments show that the RBC scavenges NO faster with a
smaller MCHC or MCV, which is consistent with what we have found
previously [33,54].
Membrane permeability plays a role in the increased NO scavenging
by older stored RBCs
The effect of RBC membrane permeability on NO scavenging
rates was investigated by simulating competition and stopped-
ﬂow experiments using the 2020 degree square cone model. In
the simulation, permeability was varied from Pm (5000 mm s1) to
100 times this base value of Pm (5105 mm s1). Simulations of
fresh RBCs used a volume of 90 mm3 and hemoglobin concentra-
tion of 20 mM while 60 mm3and 14 mM were used for old stored
RBCs. Since a decreased MCHC or MCV leads to increased NO
scavenging, a volume of 60 mm3 and a hemoglobin concentration
of 14 mM should give us the minimum value of permeability that
explains the experimentally observed increased NO scavenging by
older stored RBCs. In addition, we used 90 mm3 and 20 mM to
obtain an estimate of the maximum value of permeability needed
to explain our experimental results. Although some reports show
that MCV increased during storage in certain additive solutions
[23,24], we used a substantially lower value in simulations of older
RBCs in order to maxmize effects of volume changes and thereby
obtain the minimum necessary changes in permeability.
For competition experiments, experimental data show that old
stored RBCs scavenge NO 1.7 times faster than fresh stored RBCs
and simulations show that the old stored RBCs with a spherical
geometry scavenge NO about 2.2 times slower than the fresh stored
RBCs with a biconcave geometry. To explain the experimental data
and compensate for the effect of geomerty, increased permeability
would have to result in a 3.8 fold increased NO scavenging for old
red cells compared to fresh ones. This magnitude increase corre-
sponds to a kf /kr ratio of 35, which is 3.8 times smaller than the
ratio kf /kr of 133 we obtained using the 2020 degree square cone
model with a volume of 90 mm3 and a hemoglobin concentration of
Fig. 5. NO scavenging by old and fresh stored red blood cells due to geomotries
examined using full 3D models. (A) The ratios of the bimolecular rate constant kf /kr
calculated by simulating competition experiments. The ratios kf /kr are 181 and 83
for old (spherical) and fresh (biconcave) stored RBCs respectively. (B) Bimolecular
rate constant kr calculated by simulating stopped-ﬂow experiments. The values of
kr are 1.5 and 2.1105 M1 s1 for old and fresh stored RBCs respectively.
Fig. 4. Stopped-ﬂow absorption measurements of NO reactions with old and fresh
red cells. (A) Kinetics of absorption at 574 nm for both old and fresh red blood cells
scavenging NO. Both the raw data (noisy) and the ﬁts from singular value
decomposition and global analysis are shown. The initial species OxyHb and ﬁnal
species MetHb are shown in the inset. (B) Bimolecular rate constants of NO binding
to old and fresh stored red blood cells are 6.870.6104 M1 s1 and 3.870.1
104 M1 s1 (n¼4). nPo0.005.
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20 mM. The results show that the permeability needs to increase
5–30 fold in order to explain the increased NO scavenging by older
stored RBCs we observed from competition experiments (Fig. 7A).
We observed that old stored RBCs scavenge NO 1.8 times faster
than fresh stored RBCs in stopped-ﬂow experiments and the spherical
geometry scavenges NO 1.4 times slower than the biconcave geometry
in simulations of stopped-ﬂow experiments. In order to explain the
experimental data and compenstate for the effect of geometry, the
effect of permeability would have to result in a 2.5-fold increase in the
bimolecular rate constant. This increase corresponds to a bimolecular
rate constant of 3.0105 M1 s1 which is 2.5 times larger than
the bimolecular rate constant of 1.2105 M1 s1 we obtained from
simulations using the 2020 degree square cone model with a
volume of 90 mm3 and a hemoglobin concentration of 20 mM. The
results show that an increase of 15–70 fold in the permeability is
needed to explain the increased NO scavenging by older stored RBCs
we observed from stopped-ﬂow experiments (Fig. 7B).
Even ﬁve fold increase of membrane permeability to NO can
signiﬁcantly reduce NO bioavailability
Simulations were conducted using the two-dimensional compu-
tational model (Fig. 2) when RBCs membrane permeability to NO
was varied. Fig. 8A shows NO concentrations plotted as a function of
the distance to the vessel center. The NO concentration is almost
zero in the lumen but increases rapidly at endothelium. As the
distance to the vessel center increases, the NO concentration
decreases. We conducted simulations using Pm (5000 mm s1)1,
5, and 70 to represent the potential increases in permeability due to
blood storage we suggested in this study. In Fig. 8A, we ﬁnd that as
the membrane permeability to NO increases, the NO concentration
decreases which is consistent with our previous results [53]. NO
concentrations at 54.9 mm (in or near the smooth muscle layer) for
different red cell membrane permeabilities to NO are plotted in
Fig. 8B. NO concentration is reduced 8% and 10% from the base
concentration when Pm was increased 5 and 70 fold, respectively.
Discussion
In this study, we performed experiments using EPR and stopped-
ﬂow instruments to further examine the increased NO scavenging by
older stored RBCs. We found that older stored RBCs react with NO
1.7–1.8 times faster than fresh stored RBCs. This is consistent with
recent published data showing that there is a two-fold difference
between the rates of old and fresh stored RBCs scavenging NO [43].
During storage, the geometry of the red blood cell tends to become
more spherical, MCHC decreases, MCV varies, and the structure of RBC
membrane changes signiﬁcantly [21,22]. We explored the effects of
these changes on NO scavenging to see if they could account for
increased NO scavenging by older stored RBCs.
A spherical geometry has less surface area than a biconcave
geometry and a larger surface area is expected to increase the rate
of NO scavenging. As expected, the simulations using full 3D
models demonstrate that the old stored RBC with a spherical
geometry scavenges NO about 1.7 to 2.2 times slower than the
fresh stored RBC with a biconcave geometry. Thus, other factors
must exist to compensate for the effects of geometry and increase
NO scavenging by older RBCs as observed experimentally.
We further examined the effects of RBC MCHC and MCV, on NO
scavenging by RBCs using the 2020 degree square cone model.
In the simulations that varied RBC MCHC, we found that a
decreased MCHC leads to an increased NO scavenging by the
RBC with a hemoglobin concentration of 14 mM resulting in a
1.4 times faster rate compared to a hemoglobin concentration of
20 mM. Although the MCHC of stored RBCs does not decrease to as
low as 14 mM, we simulated this extreme value to explore the
limits of MCHC effects. Similarly, we found that a smaller MCV
leads to faster NO scavenging by RBCs. The RBC with a volume of
60 um3 reacts with NO about 1.1 times faster than the RBC with a
volume of 90 mm3.
Another factor we studied was RBC membrane permeability to
NO. In these simulations, we used the 2020 degree square cone
model to examine two extreme scenarios with a range of perme-
ability: (1) a RBC with a volume of 90 μm3 and a hemoglobin
concentration of 20 mM and (2) a RBC with a volume of 60 μm3
Fig. 6. The effects of RBC MCHC and MCV on NO scavenging by RBCs studied using the 2020 degree square cone model. The ratio of bimolecular rate constants kf /kr is
calculated by simulating competition experiments and plotted as a function of MCHC (A) or MCV (B) of the RBC. Biomolecular rate costant kr is calcuated by simulating
stopped-ﬂow experiments and plotted as a function of MCHC (C) or MCV (D) of the RBC.
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and a hemoglobin concentration of 14 mM. The ﬁrst scenario
represents normal fresh stored RBCs and the second scenario
represents the worst case of old stored RBCs. According to our
simulations, even the most extreme possible changes in MCHC and
MCV that favor increased NO scavenging are insufﬁcient to
account for what is observed experimentally. Therefore, RBC
membrane permeability must increase during storage. We ﬁnd
that the permeability is likely to increase between 5 and 70 fold.
Our previous computational simulations of competition experi-
ments at different oxygen saturations using similar parameters
show that the RBC membrane permeability to NO needs to
increase 20–40 fold in order to achieve an increase of 3–4 fold
in the ratio kf /kr [55]. Thus, our current result focused on blood
storage effects is consistent with our previous one comparing
oxygenated and deoxygenated cells.
The effect of increased membrane permeability to NO on NO
bioavailability was elucidated using a two-dimensional blood vessel
model. Our simulations show that NO concentrations are decreased
as the permeability increases. Even a 5-fold increase in membrane
permeability to NO can reduce NO bioavailability signiﬁcantly.
Nitric oxide acts as an important signaling molecule in vivo that
regulates blood ﬂow, decreases adhesion molecule expression and
platelet activation. Stored RBCs break down during blood storage
which results in release of cell-free hemoglobin from RBCs, micro-
particle formation, and intrinsic erythrocyte changes. The role of
cell-free hemoglobin release in the blood storage lesion in terms of
NO scavenging, inﬂammation and other effects has been previously
elucidated [34,56]. The extent and mechanisms of cell-free hemo-
globin and microparticles scavenging NO have been well estab-
lished [33,34]. Both cell-free hemoglobin and microparticles react
with NO very fast, about 1000 times faster than RBCs and enter the
cell-free zone where RBCs are absent due to ﬂow pressure gradient
[35]. Although the rate of NO scavenging by RBCs is less than cell-
free hemoglobin and microparticles, the concentration of erythro-
cytic Hb is much greater than cell-free Hb (12 mM RBC-Hb vs.
80 mM cell-free Hb under some conditions). Stored RBCs con-
tribute to NO scavenging when chemical and morphological
changes in RBCs occur during blood storage, especially when RBC
membrane permeability to NO increases 5–70 fold as we suggest in
this work. This increase in permeability can be explained in terms of
damage to the red cell cytoskeleton during blood storage [50,51].
Previous work has shown that chemical or mechanical alteration of
the red cell cytoskeleton results in increased red cell NO scavenging
attributed to increased permeability to NO [52]. A recent publica-
tion argues that the changes in intrinsic RBC NO scavenging ability
that occur during blood storage are more important in reducing NO
bioavailability upon transfusion than effects from cell-free hemo-
globin and microparticles [44]. Based on our previous work
[34,53,57], we think it is more likely that cell-free Hb and micro-
particles play a larger role. However, more work will need to be
conducted to examine the relative roles of older red cells and
cell-free hemoglobin in limiting NO bioavailability upon
Fig. 7. The effects of RBC membrane permeability to NO studied using the 2020
degree square cone model with two extreme scenarios (volume: 90 mm3, hemo-
globin concentration: 20 mM; volume: 60 mm3, hemoglobin concentration:
14 mM). The horizontal axis is the membrane permeability which is plotted in
terms of a factor multiplied by the base value Pm¼5000 mm s1. (A) The ratio kf /kr
is plotted as a function of RBC permeability varied in simulations of competition
experiments. The goal ratio kf /kr of 35 appears as a horizontal black line. The
simulated ratios that are the same as the goal ratio are shown as black circles and
the corresponding membrane permeabilities are indicated on the x-axis above.
(B) The bimolecular rate constant kr was calculated from simulations of stopped-
ﬂow experiments with varied permeabilities. The goal kr of 3.0105 M1 s1
appears as a horizontal black line. The simulated values of kr that are the same as
the goal are shown as black circles and the corresponding membrane permeabil-
ities are indicated on the x-axis above.
Fig. 8. Effect of RBC membrane permeability on NO concentration. (A) NO
concentrations for Pm, Pm5, and Pm70 are plotted versus the distance to the
vessel center. The direction of Pm increasing is indicated by the black arrow.
The peaks of the curves are magniﬁed in the inset. (B) NO concentrations at
54.9 mm (in or near the smooth muscle layer) with different permeabilities are
plotted. NO concentrations at 54.9 mm are 0.237 mM, 0.219 mM, and 0.214 mM when
membrane permeabilities are Pm, Pm5, and Pm70, respectively.
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transfusion. We hypothesize that the combination of red cell
breakdown associated hemolysis and microparticle formation
together with increased intrinsic RBC NO scavenging can lead to
an “NO shock” upon transfusion of substantial amounts of older
stored blood. This “NO shock” can lead to reduced oxygen delivery
in the microcirculation increased platelet activation and inﬂamma-
tion, and other deleterious effects that contribute to pathological
consequences of the storage lesion.
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